The vast majority of microfluidic systems are molded in poly(dimethylsiloxane) (PDMS) by soft lithography due to the favorable properties of PDMS: biocompatible, elastomeric, transparent, gaspermeable, inexpensive, and copyright-free. However, PDMS molding involves tedious manual labor, which makes PDMS devices prone to assembly failures and difficult to disseminate to research and clinical settings. Furthermore, the fabrication procedures limit the 3D complexity of the devices to layered designs. Stereolithography (SL), a form of 3D-printing, has recently attracted attention as a way to customize the fabrication of biomedical devices due to its automated, assembly-free 3D fabrication, rapidly decreasing costs, and fast-improving resolution and throughput. However, existing SL resins are not biocompatible and patterning transparent resins at high resolution remains difficult. Here we report procedures for the preparation and patterning of a transparent resin based on low-MW poly(ethylene glycol) diacrylate (MW 250) (PEG-DA-250). The 3D-printed devices are highly transparent and cells can be cultured on PEG-DA-250 prints for several days. This biocompatible SL resin and printing process solves some of the main drawbacks of 3D-printed microfluidic devices: biocompatibility and transparency. In addition, it should also enable the production of non-microfluidic biomedical devices.
INTRODUCTION
Microfluidics has had a great impact in a broad range of areas, from biological analysis and basic cell biology to chemical synthesis or optics 1 . Microfluidic systems are usually built by replica-molding and bonding in elastomers such as poly(dimethylsiloxane) (PDMS) or in thermoplastics such as poly(methyl-methacrylate) (PMMA) or poly-styrene (PS). These polymers owe their success to four key properties: biocompatibility, transparency, low cost, and being copyright-free. PDMS, in addition, is also elastomeric 2 -a property that is key for producing fluidic automation components 3,4 -and gas-permeable 5 -a key factor for allowing O 2 and CO 2 exchange in cell culture applications 6, 7 . Although applications are not lacking 1, 8 and PDMS molding is able to produce micron-resolution features 9 , PDMS mold fabrication requires a lengthy manual procedure 9 . Furthermore, complex devices need to be fabricated by layering, which severely restricts the possible 3D geometries. Additionally, in order to be cost-effective, molded devices have to be produced in large numbers, require huge initial capital investments, and they cannot be customized in short time frames 10 . Further concerns about PDMS arise when combined with living cells, such as monomer leaching and drug absorption 11 , which has prompted researchers to produce devices in other materials (e.g. plastics or paper 8 ), but designs are still layered and difficult to customize. An alternative rapid plastic fabrication method allowing for more complex geometries and multi-height structures that are not limited to layers is micromilling 12 ; however, micromilling still requires assembly and bonding in order to produce closed channels, and the milling tool cannot cut arbitrary shapes.
Stereolithography (SL) is a form of 3D printing invented in the 1980s that allows for the assembly-free production of quasi-arbitrary 3D shapes in a single polymeric material from a photosensitive resin precursor by means of a focused laser or a digital light projector (DLP) ( Figure 1A ) 13, 14 . SL has recently attracted attention as a way to custom-fabricate complex microfluidic systems for research and development [15] [16] [17] [18] due to its automated 3D fabrication, rapidly decreasing costs, and improving resolution (see Table 1 for a comparison between SL, micromilling and soft lithography). However, available SL resins do not have all the favorable physicochemical properties of the above-named polymers (e.g., biocompatibility, transparency, elasticity, and gas permeability). For cell culture studies, optical transparency and biocompatibility are two major drawbacks that SL has to overcome. Some commercial SL resins are considered clear (e.g. WaterShed, Form Labs Clear or VisijetCrystal) and only after a finishing step they became reasonably transparent. One resin that is nearly colorless and meets biocompability standards is the WaterShed XC11122 by DSM Somos 18 . WaterShed becomes yellow under prolonged exposure to ambient light 10 . Moreover, a recent systematic investigation has shown that many of the popular 3D-printing resins (including Visijet Crystal or WaterShed) release toxic leachates that inhibit growth of cells from different vertebrate and invertebrate indicator organisms 19 . Zebrafish embryos cultured on these resins showed developmental defects 20 . Finding out which components of commercial resins are responsible for the cytotoxicity and the transparency loss is very difficult because the resins have a proprietary formulation. As a result, the performance of SL-printed devices is still inferior to that of equivalent PDMS devices.
Poly(ethylene glycol) diacrylate (PEG-DA) is a highly biocompatible photocurable material, which has inspired several groups to explore the use of PEG-DA as a microfluidics building material. Previously, SL has been used in tissue engineering for the fabrication of cellcontaining hydrogel structures made of high-molecular weight PEG-DA (>MW 700) [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] ; clinical applications of this technology are now emerging 21 . Hydrogel PEG-DA formulations are porous and therefore unsuitable for constructing impermeable microfluidic channels. Low-MW PEG-DA has been used in the past to construct microfluidic devices, but mostly by photolithography and molding. Microchannels fabricated in PEG-DA of 258 MW (PEG-DA-258) resisted swelling and were impermeable to water for up to 2 weeks, whereas PEG-DA-875 channels showed significant swelling and collapsed within 5 hrs 31 . PEG-DA has also been used in PDMS microfluidics to build in-channel biocompatible structures [32] [33] [34] and biosensing components 35 . Microfluidic valves have been micromolded 36 and SLprinted 37 in PEG-DA-258. Various favorable properties of PEG-DA-258 have been evaluated compared to glass, PDMS, and other polymers 38 . Cronin's group was the first to SL-print PEG-DA (MW 250). However, their process, which utilized a 405 nm light source, required the addition of an opaquing agent (Sudan I) in order to increase the light absorption of the resin, resulting in orange prints 37, 39, 40 ; no biocompatibility studies were shown.
Here we demonstrate the use of a monochromatic 385 nm LED-based UV light source to increase the light absorption of additive-free (colorless) PEG-DA resins. Hence we can SLprint fully transparent microfluidic devices made of PEG-DA-250; we are able to culture CHO-K1 cells and primary hippocampal neurons for 48 hrs on SL-printed PEG-DA-250 petri dishes.
RESULTS AND DISCUSSION

Choice of resin components
The goal of this study was to produce 3D-printable devices that are water-impermeable, biocompatible, transparent, and cheap (by this order of priority). The photocurable resin of choice directly affects these characteristics. Inspired by previous work on photolithographically-patterned microfluidic channels made in water-impermeable PEG-DA-258 31,36 , we studied SL resin formulations that consisted of a mixture of transparent PEG-DA-250 monomer with small amounts of photoinitiator. In order to achieve a high cytocompatibility in our devices, we have limited our choice of photoinitiator to commercially-available photoinitiators of the Irgacure family that have been widely used for cell encapsulation studies in combination with PEG-DA hydrogels: Irgacure-819 (BASF) and Irgacure-784 (BASF) [41] [42] [43] [44] [45] . These photoinitiators are produced in large amounts so they are inexpensive ($68/lb), making them very attractive to the cost-conscious 3D-printing community. Irgacure-784 was discarded early on because it produces a strong dark orange coloring on the prints ( Figure S1 ).
The meaning of "resolution" in SL microfluidic fabrication
A major challenge in the development of a new resin formulation is that modern SL printers are optimized for particular resins, so optimizing resolution with a new resin is not straightforward. Most nominal resolution numbers refer to open-surface features printed with resins of proprietary composition and untested biocompatibility. Custom-built (very expensive) multi-photon optics have been used for ~1 μm resolution SL [46] [47] [48] [49] . In recent years ~500 μm-wide microchannels have been reported with single-photon (very affordable) SL systems [15] [16] [17] [18] . Since all the key SL patents expired in 2014, many SL machines have appeared on the market and nominal resolution is improving almost every month.
The nominal resolution numbers provided by the manufacturer can be misleading. In SL setups based on a digital light projector (DLP) ( Figure 1A ) such as our Ilios 3D-Printer, the ultimate XY resolution is given by the DLP's pixel size. For this study we have compared two DLPs: a visible-light DLP (heretofore referred as "Vis-DLP") with an XY resolution of 29.5 μm × 32.7 μm (1920 × 1080 pixels), and a 385 nm LED-based DLP (heretofore referred as "385 nm-DLP"), with a resolution of 51.2 μm × 51.2 μm (1280 × 800 pixels). However, a full characterization and optimization of the XY resolution that can be achieved with PEG-DA is beyond the scope of this manuscript, which centers on the issues of biocompatibility and transparency.
The XY resolution should not be confused with the Z resolution. The Z resolution given by the manufacturer is usually the smallest thickness of the resin layer produced by the Z stepper motor that moves the build plate. In early 2015, desktop machines became available that advertise ~20 μm XY resolution and ~6 μm Z (thickness) resolution or less 50 . Our SLprinter features a nominal Z resolution of 12.5 μm. Yet microchannels with a cross-section smaller than 500 μm × 500 μm are very difficult to achieve with most printers, especially in transparent resins (see below). Prior work has already addressed the diffusion of the reactants 51 and the viscosity of the resin (which must be cleared from the channels after exposure) 18 as factors that might be responsible for some of the loss of resolution typically observed in SL.
The challenge of printing with transparent resins
Transparent resins pose an additional challenge. By definition, a transparent material does not absorb visible light. Unfortunately, most SL manufacturers -to cut costs -recently shifted the light source from UV lasers to visible light (405 nm lasers or DLP projectors). Consequently, these visible-light systems produce very poor Z resolution because the (transparent) resins do not absorb well at those wavelengths. The manufacturers of transparent resins typically advertise solid prints with surface features (no cavities), or very sparse reticles, which bear little relevance to microfluidic structures. This limitation is key for microfluidics because, if one attempts to build the roof of a microfluidic channel with a poorly absorbing resin, the light readily penetrates through the roof layer and crosslinks the whole channel.
This problem can be analyzed quantitatively. Since the monomer itself is transparent ( Figure  S3 ), the photoinitiator alone causes the vast majority of the resin's absorbance A in a spectrophotometer, according to the Beer-Lambert law 52 :
(Eqn. 1) where I 0 and I are the intensity of incident and transmitted light, respectively, ε is the molar extinction coefficient, c is the concentration of the photoinitiator in the resin and L is the path length. Since c and L are always known during acquisition of a spectrum, measurement of A yields (a function of wavelength). The power spectrum of the Vis-DLP lamp ( Figure  1B , see red dashed curve) shows a poor overlap with the spectrum of the resin's ε, which means that the light source is rather inefficient at triggering the reaction. (For safety, DLPs contain a UV filter that filters out the small component of UV light emitted by visible bulbs; the UV filter can be removed, resulting in a slightly improved power spectrum shown in Figure 1B , blue dashed curve, but that small "tail" does not substantially increase the efficiency of the reaction.)
Transparent resins are more efficiently patterned with a 385 nm LED-based DLP (PRO4500 from Wintech Digital). At 385 nm, Irgacure-819 has 34% and 373% higher absorbance than at 405 nm and at 425 nm, respectively (see Figure 1B) . From Eqn. 1, we anticipate a proportionally smaller Z penetration of light at those wavelengths and, for the same token, a Z resolution increase (not counting diffusion effects 51 ). The power spectrum of our 385 nm-DLP is shown in Figure 1B , purple dashed curve. This wavelength overlaps with regions of higher light absorbance and is very monochromatic, so it does not overlap with regions of low light absorbance. Note that we do not claim that Irgacure-819 produces the optimum possible Z resolution; studies aimed at optimizing the Z resolution with a wiser combination of photoinitiator and light doses are ongoing.
Transparent prints
A transparent material will only produce a transparent print if its surfaces are smooth and its bulk is free of defects ( Figure 2A) ; even if the material itself is transparent and colorless, an object printed with rough surfaces will diffract light and will appear translucent (Figure 2A) . The print surface roughness is determined by the roughness of the vat surface as well as by the build plate surface. To minimize the roughness of both surfaces, we decided to use smooth glass slides for the vat and build plate surfaces. We observed that, when the resin polymerizes, it attaches to the vat glass surface instead of the build plate glass surface, making the printing process in this configuration impossible. In order to ensure that the print attaches to the top glass slide (on the build plate) and detaches from the bottom glass slide (on the vat) after each layer is printed, we derivatized the bottom vat glass slide with a passivating silane (see Methods). Additionally, derivatizing the top build plate glass slide with (adhesive) acrylate groups increased the overall efficiency of the printing process (see Methods).
With this surface derivatization protocol we were able to print devices that were very transparent. We compared the transparency when the devices were printed against smooth surfaces versus when the devices were printed against rough surfaces. Figure 2A -B shows a comparison of 20 mm-diam., 1 mm-thick disks; the use of rough surfaces yields a translucent disk (Figure 2A ) while using smooth surfaces gives a transparent colorless disk ( Figure 2B ). After these initial tests, we printed more complex transparent devices, such as petri dishes (25 mm-diam. and 1 mm-wide, 5 mm-high walls, Figure 2C ) for cell biocompatibility studies (see below), and a laminar flow device with 1 mm-wide channels (Figure 2E-F) . We printed an additional laminar flow device with rough surfaces to better compare the transparency contribution effect of surface smoothness on a more complex print ( Figure 2D ). It is worth noting that by using smooth surfaces during the printing process we obtain transparent devices without any further post-processing steps. The printed disks were not only good for bright-field microscopy ( Figure 3B ), but also had background fluorescence comparable to polystyrene dishes ( Figure S4 ).
Cytocompatibility of the prints
We compared the cytocompatibility of SL-printed petri dishes with Irgacure-819 (similar to the one in Figure 2C ) with that of tissue-culture polystyrene (TCPS) as a control surface. We used both Chinese Hamster Ovary (CHO) cells (a major cell line often used in biotechnology) and primary mouse (embryonic day 18) hippocampal neurons (we chose this cell type as an example of a "delicate" cell type that would be very sensitive to contaminants). Prior to seeding, we exposed the surfaces to a UV bath in water for 12 hrs so as to leach out possible un-reacted PEG-DA monomers and/or photoinitiator. We then treated the surfaces with oxygen plasma right before coating proteins or seeding cells. The surfaces that were used for primary neuron culture were coated with poly-D-lysine and Matrigel (see Methods). Both types of cells grew similarly and displayed proper morphology on both surfaces (Figure 3 ) for up to 2 days (CHO cells grew to confluence at that point).
Since both CHO cells and neurons grow in vitro as adherent cultures, they would not have survived if the SL-printed PEG-DA-250 surfaces were protein repellant. This observation is in contrast to Woolley's previous report that photolithographically-patterned PEG-DA-250 is protein-repellent 38 . We attribute this discrepancy to variations in surface chemical groups that could have resulted from differences in the polymerization process between our 3D-printed PEG-DA-250 and Woolley's photolithographically-patterned PEG-DA-250. Importantly, the prints were optically flat and could produce nice phase-contrast and epifluorescence images almost indistinguishable from those taken on TCPS. Generally speaking Irgacure-819 is not considered as safe as LAP in terms of biocompatibility, but our results show that it is a cheap and safe alternative to using LAP photoinitiator for printing devices for cellular studies. It is important to note that the petri dishes need to be fully cured before seeding cells. Seeding cells directly in a device without post-curing resulted in acute cell death. We compared different UV post-curing times (2, 4, 8, 12 hrs) of the 3D-printed petri dishes and compared the growth and viability of CHO cells after 1 day in culture. The 12 hrs of post-curing were necessary to ensure a viability and proliferation rate of the CHO cells comparable to tissue-culture polystyrene ( Figure S5 ).
Z resolution boost
The use of the 385 nm-DLP not only enables the patterning of a transparent resin but could also help boost the Z resolution in the near future. We have compared test patterns printed with the Vis-Light DLP and with the 385 nm-DLP (Figure 4) . The pattern to quantify Z resolution consisted of an array of 10 channels (2 mm height and 1 mm width). Different exposure times were set individually for each of the channel ceilings (see Methods), allowing us to quantify the effect of different time exposures on Z-resolution in one print ( Figure 4A ). Ceiling thickness was plotted for each exposure time with each light source. Our experimental results show that a ceiling is formed with lower exposure times at 385 nm compared to visible light ( Figure 4B) . Moreover, the trendline of the penetration using visible light is 47% steeper than using 385 nm light; therefore, the same increase in dose produces a larger Z penetration with visible light compared to 385 nm light. These results demonstrate that the 385 nm-DLP source produces smaller Z penetrations than the Vis-Light DLP source and could potentially help produce finer channel geometries.
CONCLUSIONS
We have prepared and demonstrated the use of a biocompatible transparent resin for stereolithographic 3D-printing of bio-microfluidic devices. The resin is composed of low-MW PEG-DA (MW 250) and an inexpensive photoinitiator, Irgacure-819, without additional colorants. We have shown that SL prints made using the low-MW PEG-DA resin formulation supports the long-term culture of adherent mammalian cells, including sensitive cells like neurons. UV post-curing of the finished prints in a water bath is required to sufficiently remove toxic leachates. To pattern transparent resins, we implemented a UV light source that features higher light absorption (and therefore higher Z resolution) than typical (visible) light sources used in most SL printers. Since low-MW PEG-DA prints are not gas-permeable (unlike PDMS), culturing cells in enclosed 3D-printed PEG-DA microchannels would require other strategies like perfusion or hybrid device designs to facilitate better gas exchange. Most likely there is still a lot of room for improvement, as Irgacure-819 was chosen simply from a cursory literature search (not an experimental optimization). Since most SL resins have higher molar coefficient of extinction in the UV range than in the visible range, our approach should be readily applicable and beneficial to the patterning of most SL resins.
METHODS
Photoresin composition
Photoresin was based on poly(ethylene glycol) diacrylate (PEG-DA) (MW 250) (Sigma Aldrich) mixed with a photoinitiator. The photoinitiators used in this study were Irgacure-748 and Irgacure-819 (BASF Corporation). Irgacure photoinitiators were dissolved in PEG-DA at different concentrations (0.1, 0.2, 0.4, 0.8 and 1.2% wt/vol). For Irgacure-819, 0.4% was chosen as the best concentration in terms of balancing resolution and absence of color ( Figure S2 ). All these steps were done in the dark to avoid spontaneous reaction with ambient light.
Absorbance measurements and calculations
Absorbance measurements of photoresin containing PEG-DA and Irgacure-819 were carried out by triplicate from 190 to 840 nm using a NanoDrop 2000c Spectrophotometer (Thermo Scientific). We tested three different concentrations (0.05, 0.025 and 0.0125 % wt/vol) to discard reading errors such as signal saturation by the spectrophotometer. After the measurements, the molar extinction coefficient, which is independent of concentration, was calculated using Eqn. 1.
Surface treatment
Surface roughness is a critical parameter to obtain high transparency prints. For the "rough" configuration we used a PDMS-coated vat and an aluminum build plate. For the "smooth" configuration we used a glass surface for the vat that contains the resin as well as for the build plate. We observed that prints tend to attach to the glass surface of the vat but not to the glass surface of the build plate. In order to ensure that prints attached only to the glass build plate, the vat glass surface was treated with SIGMACOTE ® (Sigma-Aldrich), a hydrophobic silane. The glass surface was cleaned, dried and then covered with SIGMACOTE ® . Excess of SIGMACOTE ® was removed for reuse and stored at 4 °C. The treated glass was air dried in a hood. The build plate glass was treated with 3-(Trimethoxysilyl)propyl methacrylate (TMSPMA) (Sigma-Aldrich). The glass slides were cleaned, dried and placed in a closed vacuum chamber with a paper soaked in TMSPMA at 70 °C overnight.
3D-Printing setup
Our 3D printing platform consists of an ILIOS 3D printer with stepper motors with a nominal Z layer resolution of 12.5 μm, controlled by an Arduino board and a digital light projector (DLP) 53 . We use the ILIOS HD Kit for research that is commercial available and can be easily assembled. The printer consists of a metallic frame that once assembled has the following dimensions: ~60 cm (L) × ~50 cm (W) × ~120 cm (H). To this frame, a small VAT and build plate from the kit can be easily assembled providing an area of 100 mm × 178 mm. We mounted an Optoma HD20 HD DLP projector ("Vis-DLP") from the kit to the frame using adaptors from the kit and adjusted its position for optimal focus and performance. This projector yields a printing area of 56.7 mm × 35.4 mm with a resolution of 29.5 μm × 32.7 μm (1920 pixels × 1080 pixels). Alternatively, we used another projector, 385 nm LED DLP projector, based on Texas Instruments' DLP4500 chipset, the Wintech PRO4500 ("385 nm-DLP"). To mount this projector, we removed the Vis-DLP and mounted the 385nm-DLP to the same adaptors by using an inexpensive custom-made 3D-printed intermediate adaptor. The 385 nm-DLP provides a printing area of 65.6 mm × 41 mm with a resolution of 51.2 μm × 51.2 μm (1280 pixels × 800 pixels). Other electronics such as HT Stepper Motors and Arduino board were included in the kit and were easily assembled to the frame. Arduino allows the communication between the Ilios electronics (i.e. stepper motors) through USB to a computer.
3D-Printing software
All objects were designed with Autodesk Inventor ® and saved in their final form in STL format. We used Creative Workshop ® software to slice the objects and convert them into an image sequence. The whole 3D printing process was controlled by custom-made control software based on Matlab (G-code) to control the Arduino Board and the DLP projectors. This software allows us to precisely control for each layer parameters such as intensity, times of exposure and thickness layer.
3D-Printing procedure
For transparent prints, the photocurable resin was poured into the vat and a glass slide was "glued" to the build plate by coating one side with uncured resin and briefly exposing with UV light using a broadband UV lamp (B-100A, UVP). (This procedure allows for easy removal of the glass slide with a scraper at the end of the printing process; mechanical methods for attaching the glass slide to the build plate should be more practical in the long term.) The build plate was then lowered until it touched the vat surface. In short the printing process was carried as follows: the DLP projects the first slice of the object for a predetermined amount of time, the build plate stage rises and then lowers, the DLP projects the second slice, the build plate stage rises again, and the process continues until the whole object is printed. Then the object is removed from the build plate, rinsed with water and cleaned with pressurized air. The print is then kept in water and exposed for an additional 2 hrs to UV light using a UV gel box (High Performance Trans-illuminator TFL-40, UVP) to ensure that all the resin is cured; when prints are used for cell culture, we take extra precautions and we extend this over-curing process overnight (the 2 hrs period was insufficient and resulted in some cell death, presumably due to leaching of cytotoxic uncured material). If the object contains a microchannel, the UV exposure is performed under perfusion with water to remove uncured material from inside the microchannel.
Cell culture and microscope analysis
Prior to plating cells, all the 3D-printed PEG-DA devices were immersed in water under UV for over 12 hrs, and then treated with oxygen plasma (75 mTorr, 10 W, 30 sec) using a Zeptoplasma cleaner (Diener).
Chinese hamster ovary cells (CHO-K1) were cultured in DMEM media (Invitrogen) supplemented with 10% fetal bovine serum (Hyclone) and grown in a 5% CO 2 atmosphere at 37 °C. After 48 hrs, when the cells were confluent, they were stained with live-cell fluorescent dyes, Cell Tracker Green and Orange (Invitrogen) (5 μM in serum-free DMEM media) for 30 minutes. For fluorescent imaging of the cells, the dyes were removed and replaced with Phenol-Red free DMEM, in order to minimize auto-fluorescence. The growth and viability of the cells was measured using the Trypan Blue exclusion assay.
Before culturing the neurons, the PEG-DA surfaces were coated sequentially with poly-Dlysine (100 μg/mL) (Sigma-Aldrich) overnight and Matrigel (BD Biosciences) (diluted 1:60 with DMEM) for 1 hr at 37 °C. Primary neurons were harvested from the hippocampi of embryonic day 18 mice (Brainbits), and enzymatically dissociated using a papain dissociation kit (Worthington Biochemical), following well-established protocols. The dissociated cells were suspended in Neurobasal media (Invitrogen) supplemented with 1X B-27 (Invitrogen), 0.5 mM GlutaMax (Invitrogen) and 100 U/mL penicillin-streptomycin (Invitrogen), and plated onto the Matrigel coated PEG-DA surfaces. The neurons were cultured for over 5 days in a 37 °C, 5% CO 2 incubator.
All phase-contrast and fluorescence images of the cells were taken with a Nikon TE3000 epifluorescence microscope. The background fluorescence measurements were obtained using the same exposure settings (5 sec, no binning with a 10X objective) for glass coverslips, standard polystyrene tissue culture dishes, and 3D-printed PEG-DA-250 petri dishes that have been post-cured with UV for 2, 4, 8 and 12 hrs.
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Refer to Web version on PubMed Central for supplementary material. Disks (20 mm diameter and 1 mm thick) were printed with rough surfaces (Fig 2A) or smooth glass surfaces (Fig 2B) . Other devices were printed using smooth glass surfaces, such as petri dishes for cell biocompatibility studies of 25 mm diameter and walls of 1 mm wide and 5 mm height (Fig 2C) . A laminar flow device with 1 mm-wide channels (Fig 2D-F) was printed using either rough (Fig 2D) or smooth (Fig 2F) surfaces. Figure 2E 
